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Cancer therapy, which includes surgical resection, chemotherapy, and radiotherapy to control primary tumors, has resulted in improved survival of cancer patients. However, tumor metastasis is still largely incurable and has become the primary cause of cancer‐related death.[1](#cas13336-bib-0001){ref-type="ref"} Hence, understanding the mechanism of metastasis is important to control metastatic diseases. The following complex cascade of events occurs during metastasis: Tumor cells invade the surrounding stroma and ECM and intravasate into the bloodstream, survive in the blood circulation with anoikis resistance, and then become disseminated through the circulation to reach distant organs, where they proceed to extravasate and invade into the parenchyma of distant tissues. These cells adapt to the new microenvironment and proliferate for metastatic colonization[2](#cas13336-bib-0002){ref-type="ref"} (Fig. [1](#cas13336-fig-0001){ref-type="fig"}).

![Steps in the development of tumor metastasis. (1) Tumor cells invade the surrounding stroma and extracellular matrix (ECM), (2) intravasate into the bloodstream, (3) survive in the circulation with anoikis resistance, (4) disseminate in the circulation and reach distant organs, (5) extravasate and invade into the parenchyma of distant tissues, (6) adapt to the new microenvironment and proliferate to form metastatic colonization. Stromal cells have important roles in metastasis dissemination. TEC, tumor endothelial cell.](CAS-108-1921-g001){#cas13336-fig-0001}

Recently, researchers have studied the role of stromal cells in the tumor microenvironment. Stroma components include fibroblasts, macrophages, ECM, EC, lymphatic EC, and other inflammatory cells (Fig. [2](#cas13336-fig-0002){ref-type="fig"}). These non‐malignant stromal cells exhibit abnormal phenotypes compared with those in normal tissues. Tumor stromal cells are also known to secrete several protumorigenic factors to promote tumor growth and development.[3](#cas13336-bib-0003){ref-type="ref"} We studied TEC and observed several specific characteristics.[4](#cas13336-bib-0004){ref-type="ref"}, [5](#cas13336-bib-0005){ref-type="ref"} Because blood vessels surrounding tumors not only deliver nutrients and oxygen but also provide access for the tumor cells to metastasize, we assumed that TEC with abnormal phenotypes actively interact with tumor cells during tumor metastasis. We here summarize the current reports pertaining to tumor stromal cells in the tumor microenvironment. Furthermore, we highlight the role of TEC in promoting tumor metastasis.

![Tumor microenvironment is formed by tumor and stromal cells and extracellular matrix (ECM). CAF, cancer‐associated fibroblast; TAM, tumor‐associated macrophage.](CAS-108-1921-g002){#cas13336-fig-0002}

Role of Tumor Stromal Cells in Tumor Progression {#cas13336-sec-0002}
================================================

It is well known that tumor progression and metastasis are not dependent on a tumor cell‐autonomous mechanism, but are controlled by the tumor microenvironment, including abnormal stromal cells.[6](#cas13336-bib-0006){ref-type="ref"} Fibroblasts are among the major components of tumor stroma.[7](#cas13336-bib-0007){ref-type="ref"} As tumors are considered wounds that do not heal,[8](#cas13336-bib-0008){ref-type="ref"} chronic tissue repair response occurs in tumor tissues, which causes tumor fibrosis. Activated fibroblasts in cancer are termed CAF, tumor‐associated fibroblasts, or activated myofibroblasts. Growth factors, such as TGF‐β, PDGF, and FGF, released by tumor cells are key mediators of CAF activation. CAF promoted tumorigenesis of tumor cells when cocultured with tumor cells, but not when cocultured with normal fibroblasts.[9](#cas13336-bib-0009){ref-type="ref"}, [10](#cas13336-bib-0010){ref-type="ref"} CAF activate the invasiveness of tumor cells with the production of MMP.[11](#cas13336-bib-0011){ref-type="ref"}, [12](#cas13336-bib-0012){ref-type="ref"}, [13](#cas13336-bib-0013){ref-type="ref"} CAF produce proinflammatory factors that activate NF‐κB signaling to promote tumor progression.[14](#cas13336-bib-0014){ref-type="ref"} Several recent studies have indicated that CAF remodel the tumor microenvironment and regulate tumor progression using their active secretome.[7](#cas13336-bib-0007){ref-type="ref"}

TAM are also known to be important components of tumor stroma. Sources of TAM are tissue‐resident macrophage, bone marrow, or spleen. Several studies have revealed that TAM promote tumor progression and metastasis,[15](#cas13336-bib-0015){ref-type="ref"} although macrophages play an important role in the immune defense mechanism. Macrophages are classified as classically activated M1 and alternatively activated M2 macrophages.[16](#cas13336-bib-0016){ref-type="ref"} M1 macrophages produce proinflammatory cytokines and have antitumorigenic functions, whereas M2 macrophages promote anti‐inflammatory responses and have protumorigenic functions.[17](#cas13336-bib-0017){ref-type="ref"} However, it is unclear how macrophages switch from tumor‐suppressing to tumor‐promoting macrophages. TAM are proposed to share M2 characteristics and enhance tumor angiogenesis, resulting in tumor progression.[18](#cas13336-bib-0018){ref-type="ref"} TAM facilitate tumor cell intravasation through a paracrine signaling loop in which TAM‐derived EGF stimulates the invasiveness of tumor cells expressing the EGF receptor. Tumor cells, in turn, secrete CSF1 that attracts the CSF1 receptor expressing TAM.[19](#cas13336-bib-0019){ref-type="ref"}, [20](#cas13336-bib-0020){ref-type="ref"}, [21](#cas13336-bib-0021){ref-type="ref"} Invasion of tumor cells can be induced by other factors such as SDF1 (also known as CXCL12). Because SDF1 is synthesized by other stromal cells, including pericytes, fibroblasts, or EC[22](#cas13336-bib-0022){ref-type="ref"}, [23](#cas13336-bib-0023){ref-type="ref"} in the tumor microenvironment, cross‐talk between multiple stromal and tumor cells leads to tumor progression and metastasis.

Abnormalities in Tumor Endothelial Cells {#cas13336-sec-0003}
========================================

In 1971, Judah Folkman proposed that all tumors are angiogenesis dependent.[24](#cas13336-bib-0024){ref-type="ref"} Angiogenesis, defined as the growth of new blood vessels from the existing vasculature, is activated in response to the requirement for oxygen and nutrients.[25](#cas13336-bib-0025){ref-type="ref"} VEGF (known as vascular permeability factor) is one of the major molecules released from tumor cells to induce angiogenesis. Excessive VEGF in tumors causes vessel hyperpermeability and increases IFP, which results in chaotic vessel structure. Tumor blood vessel pattern is complex, non‐hierarchical, and disorganized.[26](#cas13336-bib-0026){ref-type="ref"}, [27](#cas13336-bib-0027){ref-type="ref"} TEC, which line tumor blood vessels, have generally been assumed to be genetically stable. However, several reports have indicated that TEC exhibit altered phenotypes compared to their normal counterparts.[28](#cas13336-bib-0028){ref-type="ref"} TEC have chromosomal abnormality[4](#cas13336-bib-0004){ref-type="ref"}, [29](#cas13336-bib-0029){ref-type="ref"}, [30](#cas13336-bib-0030){ref-type="ref"} and are resistant to anticancer drugs.[31](#cas13336-bib-0031){ref-type="ref"}, [32](#cas13336-bib-0032){ref-type="ref"}, [33](#cas13336-bib-0033){ref-type="ref"} TEC possess high proangiogenic properties, such as activated proliferation and migration, and upregulate several angiogenesis‐related genes.[34](#cas13336-bib-0034){ref-type="ref"}, [35](#cas13336-bib-0035){ref-type="ref"} In addition, TEC exhibit distinct gene expression patterns compared with those in normal EC.[34](#cas13336-bib-0034){ref-type="ref"}, [36](#cas13336-bib-0036){ref-type="ref"} Recently, some reports have suggested epigenetic alteration in TEC.[37](#cas13336-bib-0037){ref-type="ref"}, [38](#cas13336-bib-0038){ref-type="ref"}, [39](#cas13336-bib-0039){ref-type="ref"} These abnormalities in TEC point toward the need for understanding their role and function in tumor progression as well as of other stromal cells.

Role of Tumor Endothelial Cells in Tumor Progression and Metastasis {#cas13336-sec-0004}
===================================================================

Morphologically abnormal tumor vasculatures lead to tumor cell intravasation during tumor metastasis. VEGF--VEGF receptor signaling loosens the tight junctions that interconnect EC and, thereby, render the blood vessels permeable to leakage with high IFP. Because of high IFP and immature structure of tumor blood vessels lacking smooth muscles and pericytes, tumor cells easily permeate through tumor blood vessels.[40](#cas13336-bib-0040){ref-type="ref"} In addition to this passive entry route, TEC with abnormal phenotype, as described above, may also provide signals that actively promote tumor cells to metastasize.

Some researchers, including those in our group, have observed that TEC release specific growth factors, called angiocrine factors.[41](#cas13336-bib-0041){ref-type="ref"} Cao *et al*. revealed that FGF4, which is produced by B‐cell lymphoma cells, activate FGFR1 in the neighboring EC, and upregulate the Notch ligand Jagged1 in EC. In turn, Jagged1 on EC reciprocally induces Notch2--Hey1 in lymphoma cells.[42](#cas13336-bib-0042){ref-type="ref"} Cao *et al*. described that TEC convert indolent tumor cells to more aggressive cells with greater tumorigenicity, extranodal invasion, and chemoresistance.[42](#cas13336-bib-0042){ref-type="ref"}, [43](#cas13336-bib-0043){ref-type="ref"} Moreover, other groups have also demonstrated that the Notch signals in EC are involved in tumor progression and stem cell phenotype.[44](#cas13336-bib-0044){ref-type="ref"}, [45](#cas13336-bib-0045){ref-type="ref"}, [46](#cas13336-bib-0046){ref-type="ref"}, [47](#cas13336-bib-0047){ref-type="ref"} Notch activation in EC promotes tumor cell migration and metastasis along with neutrophil infiltration.[48](#cas13336-bib-0048){ref-type="ref"}

In addition to the production of factors that simulate tumor cell progression, TEC also downregulate tumor suppressive factors. Slit2, which is negatively regulated by the endothelial EphA2 receptor, is one of the tumor suppressive angiocrine factors.[49](#cas13336-bib-0049){ref-type="ref"} The authors described that EphA2 represses Slit2 expression in EC to facilitate angiocrine‐mediated tumor invasion by blocking tumor suppressive signals.[49](#cas13336-bib-0049){ref-type="ref"} Such juxtacrine signals between EC and adjacent tumor cells could induce protumorigenic characteristics with increased expression of tumor‐stimulating factors or reduced expression of tumor‐suppressive factors.

CXCR7 on tumor vasculature is also involved in tumor progression and metastasis. CXCR7 is highly expressed in tumor blood vessels and is involved in tumor angiogenesis and growth.[22](#cas13336-bib-0022){ref-type="ref"}, [50](#cas13336-bib-0050){ref-type="ref"}, [51](#cas13336-bib-0051){ref-type="ref"} CXCR7 regulates CXCL12--CXCR4‐mediated tumor cell transendothelial migration.[52](#cas13336-bib-0052){ref-type="ref"} In contrast, another group demonstrated deletion of endothelial CXCR7 in conditional knockout mice, which resulted in an increased number of circulating tumor cells with elevated systemic CXCL12 levels.[53](#cas13336-bib-0053){ref-type="ref"} The authors suggested that CXCR7 partially functions as a scavenger receptor for CXCL12, and endothelial CXCR7 controls the amounts of systemic CXCL12.[53](#cas13336-bib-0053){ref-type="ref"} These findings suggest that tumor cell phenotype has plasticity and is determined by cues from TEC to confer tumors with aggressive and lethal properties.

Yadav *et al*.[54](#cas13336-bib-0054){ref-type="ref"} demonstrated the role of EC in protecting tumor cells from anoikis in the circulation. When tumor cells, particularly epithelial cells, detach from ECM in primary tumors, anoikis, which is defined as apoptosis induced by inadequate or inappropriate cell--matrix interaction, causes these cells to undergo cell‐cycle arrest and leads to rapid caspase‐mediated cell death. This is the reason why only few tumor cells reach the metastatic organs, although millions of these cells are shed from a tumor into circulation every day.[55](#cas13336-bib-0055){ref-type="ref"} However, the viable circulating EC have been reported to be observed in the blood of cancer patients.[56](#cas13336-bib-0056){ref-type="ref"}, [57](#cas13336-bib-0057){ref-type="ref"} These results led to the conclusion that activated EC expressing high levels of adhesion molecules can bind to tumor cells, protect them from anoikis in circulation, and facilitate their movement to distant organs.[54](#cas13336-bib-0054){ref-type="ref"}

Our group has reported the role of TEC in the initial steps of tumor metastasis.[39](#cas13336-bib-0039){ref-type="ref"} We have previously demonstrated the heterogeneity of TEC using two different types of TEC: HM‐TEC from highly metastatic and LM‐TEC from low metastatic tumors.[58](#cas13336-bib-0058){ref-type="ref"} HM‐TEC exhibited more proangiogenic phenotypes with the upregulation of angiogenesis‐related genes and more genetic instability with stem‐like phenotype and drug resistance, indicating that TEC acquire specific characteristics in response to their surrounding environment. Because tumor cells physically contact with TEC during tumor intravasation, we speculated that TEC, especially HM‐TEC with abnormal phenotypes, affect tumor cell behavior. *In vitro* data revealed that the ability of HM‐TEC to attract and adhere to tumor cells was greater than that of LM‐TEC or normal EC. Tumor cell transendothelial migration was enhanced on the HM‐TEC monolayer. Biglycan, a small leucine‐rich‐repeat proteoglycan, was specifically upregulated in HM‐TEC (Fig. [3](#cas13336-fig-0003){ref-type="fig"}a). Toll‐like receptor (TLR) 2 and TLR4 are reported as biglycan receptors, and TEC‐biglycan facilitated TLR‐expressing tumor cell migration through the activation of NF‐κB and ERK signaling. Biglycan knockdown in HM‐TEC decreased the number of circulating tumor cells and lung metastases *in vivo*. In addition, biglycan levels in the plasma of cancer patients were higher than those in healthy volunteers. Such high levels of biglycan were detected in the metastatic cases. The detailed molecular mechanisms by which tumor cells acquire their metastatic properties remain undefined, but our data indicated that TEC , which guard a gate for metastasis, provide a key molecule, biglycan, to allow tumor cells to break through the gate and results in hematogenous metastasis (Fig. [4](#cas13336-fig-0004){ref-type="fig"}). Interestingly, biglycan promoter in HM‐TEC had been markedly demethylated than in the other EC (Fig. [3](#cas13336-fig-0003){ref-type="fig"}b). It was also observed that the epigenetic modification that occurred in the tumor microenvironment was also involved in the increased expression of biglycan in TEC.[39](#cas13336-bib-0039){ref-type="ref"}

![Biglycan is highly expressed in tumor endothelial cells (TEC) in highly metastatic tumors. (a) Biglycan expression in mouse normal skin tissues and indicated tumors dissected from mouse. (b) Bisulfite sequencing analysis of the biglycan promoter in endothelial cells (EC). White and black circles indicate unmethylated and methylated CpG dinucleotides, respectively. Reprinted from Maishi *et al*.,[39](#cas13336-bib-0039){ref-type="ref"} with permission from Sci Rep. HM‐TEC, highly metastatic tumor‐derived endothelial cell; LM‐TEC, low metastatic tumor‐derived endothelial cell; NEC, normal endothelial cell.](CAS-108-1921-g003){#cas13336-fig-0003}

![Promotion of tumor metastasis by tumor endothelial cells (TEC) through biglycan secretion. Tumor cells and the microenvironment develop TEC. In turn, these educated TEC express high levels of biglycan with epigenetic modification. TEC‐biglycan stimulates Toll‐like receptor (TLR)‐expressing tumor cells to metastasize by activation of nuclear factor‐kappa B (NF‐κB) and extracellular signal‐regulated kinase (ERK) signaling. Reprinted from Maishi *et al*.,[39](#cas13336-bib-0039){ref-type="ref"} with permission from Sci Rep.](CAS-108-1921-g004){#cas13336-fig-0004}

Collectively, we and other groups identified an alternative role for TEC in facilitating tumor metastasis with orchestrating tumor cells and their microenvironment. Because EC in primary tumors are in close contact with tumor cells during intravasation, it is relevant that these have important roles in metastasis dissemination.

Conclusions {#cas13336-sec-0005}
===========

Tumor stromal cells at primary sites are hijacked to support tumor development. Interaction between malignant tumor cells and their associated stromal cells in the tumor microenvironment is crucial for tumor progression. Tumor angiogenesis is regulated by several molecular signals and tumor‐derived factors. Neovascularized TEC function to transport nutrients and oxygen for tumor survival, growth, and metastatic spread. In addition to these functions, EC play an important role in the direct molecular regulation of tumor cell behavior. TEC express angiocrine factors to interact with tumor cells. Our study, as well as other recent studies, has proved the critical role of angiocrine signals in stimulating tumor progression and metastasis. EC can be reprogrammed to support tumor growth and metastasis with genetic and epigenetic alterations in the tumor microenvironment. Targeting EC--tumor cell interaction may be beneficial in developing anti‐metastasis approaches.
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